In this paper, a discrete-time electronic throttle model was developed based upon the parameters obtained through system identification. To design gain-scheduling controllers using LPV (linear parameter varying) 
INTRODUCTION
Electronic throttle of internal combustion (IC) engines replaces the mechanical link between the vehicle acceleration pedal and engine intake throttle valve plate by accurately regulating the throttle plate angle using either a DC motor or step motor [1] . This process is called electronic throttle control (ETC). The traditional engine throttle with the mechanical link controls the engine charge air directly and engine fueling tracks the charge air to provide the desired air-to-fuel ratio, which is critical for engine emission regulation. The advantage of using the ETC for IC engines is that the engine charge air and fuel can be regulated simultaneously, providing accurate air-fuel-ratio control, especially during the transient engine operations. The ETC is also a key enabler for torque based engine control [2] , where the acceleration pedal provides desired torque and the engine control system determines the desired engine charge air and fuel to provide the desired torque. The torque based control is especially important for hybrid powertrains ( [3] and [4] ), where the IC engine, electrical motor(s)/generator(s) are managed by their torque output or load.
A conventional electric throttle consists of a DC (or step) motor, a set of speed reduction gears, throttle plate, and springs that keep the valve plate at its default position. The electronic throttle system is highly nonlinear due to the rotational static and dynamic friction and the highly nonlinear limp-home (LH) spring set; the vehicle battery voltage fluctuation due to the vehicle electrical load variation introduces another degree of variations; in addition, the torque load introduced by the intake air flow [5] brings another uncertainty to the electronic throttle system. In this paper, these uncertainties are model as the measurable LPV parameters.
Proportional-integral-derivative (PID) control is widely used in powertrain control system due to its simplicity. However, the high spring nonlinearity and charge air flow exogenous disturbances could limit the PID control to achieve the desired performance under wide operation conditions, especially in these operational conditions that require low change air flow rate. In [6] a non-linear gain-scheduling PID controller with PID control parameters as a function of regulation error was developed to achieve fast response. In [7] a fuzzy immune adaptive PID controller was presented which is capable of providing improved robustness. The other common used approach for the electronic throttle control is sliding mode control, where the nonlinearities of friction and spring force can be considered as the parameter uncertainty and bounded external disturbance ( [8] - [10] ); however, the robust performance cannot be guaranteed. In reference [11] , a discrete-time piecewise affine approach was used to accurately model the throttle nonlinearity, and the constrained optimal control was used to design a controller satisfies all imposed constrains. However, the uncertainties, especially the battery voltage change was not considered, which could lead to poor transient performance.
In this paper, the nonlinear electronic throttle system was model as a linear parameter varying (LPV) system, where the friction torque and battery voltage are the varying parameters; and the disturbance torque, induced by the air flow and other sources are modeled as exogenous input. An inverse dynamic feedforward control is also used to compensate the preload spring torque. An LPV gain-scheduling controller is designed for the LPV model utilizing the LMI (linear matrix equality) convex optimization scheme to guarantee the system stability and performance.
The paper is organized as follows. The next section presents a discrete-time LPV electric throttle model that is calibrated using system identification in the LFT (linear fraction transformation) form; and the following two sections describe the process of the LPV control design based upon the LMI convex optimization and the simulation validation results. The last section adds some conclusions.
ETC SYSTEM MODELING
An electronic throttle system can be described by the block diagram shown below in Figure 1 . = is regulated by a PWM (pulse width modulated) duty cycle signal u , where the duty cycle is the output of the electronic throttle controller and b V is the battery voltage. An H-bridge drive module is used to make it possible to apply the voltage in both directions. R and L denote the resistance and inductance of the DC motor, respectively. The motor is connected to the throttle plate shaft by a set of gears, and a pair of returning springs that keeps the throttle plate resting at the default position (limp-home) when the control input is zero. Figure 2 shows the nonlinear characteristic of the return spring. The magnitude of spring torque at limp-home position 0 θ is s T , and the direction of the torque could switch around this position. Since the developed model in this paper is linear, the parameter denoting the throttle angle position discussed later is the position relative to 0 θ .
FIGURE 2: NONLINEAR PROPERTY OF RETURN SPRING

Electronic Throttle Modeling
The electronic throttle (a mechatronic system) dynamics can be expressed using the following differential equation Since the inductance L is relatively small for a DC motor, the inductance dynamics can be ignored and the motor current can be approximated by setting
and the motor output torque satisfies
Finally the throttle system dynamics can be described by the following nonlinear differential equation. 
The system modeling parameters was calibrated based upon the experimental throttle step and sinusoid response data, along with the measured spring stiffness. The values of the parameters are shown in Table 1 . 
Discrete-time LPV System
To design an LPV gain-scheduling controller, the nonlinear system (6) needs to be converted into an LPV one. The items in matrix Γ were treated in different ways. 
Since the battery voltage varies during the operation, b V can be expressed as
where 2 γ is the second varying parameter that is measurable.
The following equation defines the range of 1 γ and 2 γ . The system is then discretized in to a discrete-time state space model using the first order approximation system matrices as follows:
( ) 
Then the discrete-time state-space LPV system is in the form of ( ) Figure 4 shows the closed-loop discrete-time system architecture, where plant P is the resulting discrete time state space model (15); a feed-forward controller G is designed to provide fast transient response; and K is the closed loop LPV controller to be designed. There are three inputs for the system plant and they are the feedback control u from LPV controller K, the feed-forward control u ff from controller G, and u 0 used to compensate the spring preload torque. Since u 0 can be obtained directly by (7) with known battery voltage, and will only changes sign when crossing the limp-home position, it will be ignored during the control design process and will be added back during the simulations. Integrator I is used to eliminate the steady-state error between the throttle angle and the reference command r. For the LPV control design, since the system is in a linear structure, the reference signal can be set to zero, and r denotes the input noise (pedal sensor error).
The weighting function W r is selected as a low pass filter
Note that the low pass filter is used to ensure that the closed loop system is able to provide good tracking performance. The weighting functions W z , W e and W u are selected as constants and will be tuned during the control design process for the best performance.
FIGURE 4: BLOCK DIAGRAM OF CLOSED-LOOP SYSTEM
LPV CONTROLLER DESIGN
Feed-Forward Controller
The objective of using a feed-forward controller is to provide fast transient response, especially in the case of sudden change in the input command. Ideally a feed-forward controller can be designed using the inverse plant dynamics, the output of feed-forward control shall provide accurate tracking to the command signal. However, in reality, the exact inverse system dynamics is impossible to obtain, and feedback control is used to achieve improved performance with zero steady-state error.
Since the electronic throttle system is nonlinear, through the system identification, a linearized system transfer function was obtained. The resulting second-order discrete-time transfer function from input u (motor voltage) to output y (throttle position) is 
To make the feed-forward controller casual, the inverse transfer function is connected in series with a unite-gain firstorder low pass filter ( ) 
where the low pass filter is used to make the feedforward control casual and to eliminate the noise generated by the inverse dynamics. Then a state space realization for this feedforward controller can be obtained.
where G A , G B , G C and G D are the state space matrices of the feed-forward controller.
Augmented LPV System
For LPV gain-scheduling control design, a state space model of the entire system, shown in Figure 4 , is augmented with the feed-forward control (18), the integrator and weighting functions. The augmented state space model is in the form of
where ( ) ( ) ( ) ( ) ( )
x k is the state with respect to the weighting function W r , and
x k is the state with respect to the integrator I. The 
LPV Control Synthesis
For the augmented system in (19), the The state space model (18) is converted to a discrete-time polytopic time-varying system by solving state space matrices containing varying parameters ( ( ) A Θ and ( ) B Θ ) at the vertices of the parameter space polytope, as shown in Figure  5 . Any system inside the polytope is represented by a convex combination of the vertex systems as weighted by the vector ( ) k λ of the barycentric coordinates, and formula for computing the barycentric coordinates is provided by [12] . The discrete-time polytopic time-varying system is given by
where the system matrices ( ) ( ) 6 6 A k 
The rate of variation of ( )
which is bounded by
where
Linear matrix inequality (LMI) approach will be used to solve the LPV gain-scheduling control problem. Based on Theorem 9 of reference [13] , if there exists, for i = 1, ... , N, matrices 
for i = 1, ... , N, and l = 1, ... , N,
for l = 1, ... , N, i = 1, ... , N-1, and j = i+1, ... , N,
for i = 1, ... , N,
for i = 1, ... , N-1, and j = i+1, ... , N, then the robust static output feedback controller
stabilizes the system with a guaranteed
SIMULATION VALIDATION
The proposed gain-scheduling controller is validated in simulation and compared to a conventional PID controller with fixed gain. The first simulation was set up to represent different electronic throttle operating conditions without parameter variation. Figure 6 shows the response of the ETC system for the first simulation, where the input is a multi-step signal filtered by a low pass filter with a constant battery voltage and no external disturbance torque. The simulation results show that both of the LPV gain-scheduling and PI controls are able to provide a good tracking of the reference signal since there is no parameter variations. In the second simulation, it is assumed that a stabilized throttle position is interrupted with a vehicle battery voltage drop due to the additional vehicle electrical load, for instance, during engine cranking. Figure 7 shows throttle responses in the top graph, associated control duty cycle in the middle graph, and the vehicle battery variation in the bottom graph. From Figure 7 , it can be observed that the LPV control provides much more stable response than that of fixed gain PID one. This is due to two reasons. Firstly, in LPV control design, a battery voltage depended u 0 is adjusted online to compensate the spring preload torque, in contrast with which a significant drop of throttle opening in PI control design reflects that the spring preload torque overcomes the control effort. Secondly, the LPV gain-scheduling controller adjusts its gain as battery voltage changes since battery voltage is one of the varying parameters. In this case, the control gains increases as the voltage drops. This can be seen from the middle graph of Figure 7 . When the battery voltage drops, the increased control gain leads an increased control duty cycle to compensate it. In the third simulation, a sinusoidal disturbance is imposed on the plant model, which simulates the uncertain disturbance torque caused by the intake air flow wave dynamics. Figure 7 shows both the uncertain torque load and throttle positions, where the lower graph is sinusoid torque disturbance; and upper graph shows the throttle position responses of both conventional and LPV gain-scheduling PI controllers, along with the reference signal. The simulation results show that the LPV system have much smaller steadystate error, since it is designed to minimize the closed loop 2 H norm from external disturbance to the throttle position output.
CONCLUSION
In this paper a discrete-time gain-scheduling controller is designed for an electronic throttle system based upon the LMI (linear matrix equality) convex optimization scheme. The designed LPV gain-scheduling controller was validated in simulations against the conventional PID (proportionalintegral-derivative) controller, and demonstrates the robustness to the parameter variation and external disturbance. The future work is to extend the 2 H LPV control design to mixed 2 H and H ∞ LPV control design and validate the design LPV gain-scheduling control on an actual throttle body.
